Intrinsic-to-extrinsic transition in fracture toughness through
  structural design: A lesson from nature by Liu, Bin et al.
   
 
Intrinsic-to-extrinsic transition in fracture toughness through structural 
design: A lesson from nature 
Bin Liu1, Yanjie Jia1, He-Ling Wang1, Huajian Gao2 
 
1Department of Engineering Mechanics, Center for Mechanics and Materials, Tsinghua 
University, Beijing 100084, China  
Email address: liubin@tsinghua.edu.cn 
2School of Engineering, Brown University, Providence, Rhode Island 02912, USA  
Email address: Huajian_Gao@brown.edu 
  
Abstract 
Catastrophic failure of materials and structures due to unstable crack growth could be 
prevented if facture toughness could be enhanced at will through structural design, but how can 
this be possible if fracture toughness is a material constant related to energy dissipation in the 
vicinity of a propagating crack tip. Here we draw inspiration from the deformation behavior of 
biomolecules in load bearing biological materials, which have been evolved with a large 
extensibility and a high breaking strength beyond their elastic limit, and introduce an effective 
biomimetic strategy to enhance fracture toughness of a structure through an intrinsic to extrinsic 
(ITE) transition. In the ITE transition, toughness starts as an intrinsic parameter at the basic 
material level, but by designing a protein-like effective stress-strain behavior the toughness at the 
system level becomes an extrinsic parameter that increases with the system size without bound. 
This phenomenon is demonstrated through a combination of numerical simulations, analytic 
modeling and experiments, and leads to a biomimetic strategy which can be broadly adopted to 
enhance fracture toughness in engineering systems.  
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Significance Statement 
Motivated by the deformation behavior of biomolecules in load bearing biological materials 
that have been evolved with a large extensibility and a high breaking strength beyond their 
elastic limit, here we introduce a biomimetic strategy to enhance facture toughness at the system 
level through an intrinsic to extrinsic (ITE) transition. We demonstrate that this phenomenon is 
based on well-established principles in mechanics and can be broadly applied in engineering 
applications.  
 
Main Text 
Load bearing biological materials such as bone (1-3) exhibit interesting mechanical 
properties such as superior strength and toughness (4-8). Some of the toughest sea shells (9, 10), 
which consist of mineral plates embedded in protein-rich organic materials, have been reported 
to have fracture energy 3 orders of magnitude higher than that of the mineral (4, 5); dragline 
spider silk and other natural fibers show breakage energy two orders of magnitude greater than 
that of high strength steel (6). The superior properties of biological materials have been attributed 
to the parallel staggered arrangement of mineral plates in the biological nanostructure (7, 11-17) 
as well as the special force-extension curves of biomolecules that constitute their organic phase 
(18, 19). For further surveys on theoretical and experimental studies in the literature on 
mechanical principles of biological materials including recent developments in biomimetic 
materials, the reader can be referred to some recent review articles (20, 21). These studies are 
 3
also calling for further efforts to develop general biomimetic strategies that can be broadly 
applied in engineering systems. 
Here we draw inspiration from the typical deformation behavior of biomolecules in load 
bearing biological materials which have been evolved with a large extensibility and a high 
breaking strength beyond their elastic limit. It will be shown that such behavior, achieved 
through the hierarchical structure of biomolecules rather than the chemical bonds in their 
primary structure, can lead to an intrinsic to extrinsic (ITE) transition in fracture toughness of the 
material. Through the ITE transition, fracture toughness is no longer a material constant, rather it 
becomes an extrinsic parameter that increases with system size. We will show that this strategy 
can be widely adopted to enhance the fracture toughness at the system level. 
Figures 1(a,b) show a typical three-stage force-extension behavior of biomolecules that are 
thought to enhance the fracture toughness of biological materials (18, 19), namely stage I — 
elastic stretch, which is recoverable upon unloading; stage II — domain unfolding, which is 
characterized by a sawtooth-like behavior with extraordinary extensibility (22); and stage III — 
backbone stretching with a significant increase in force. While fracture in elastic-plastic 
engineering materials has been extensively studied in the past (23-30), the deformation behavior 
of biomolecules deviates from that of engineering materials in a number of important aspects, 
including 1) stage II giving a large extensibility and 2) stage III leading to a high ultimate tensile 
strength beyond the elastic limit at the end of stage I.  
We hypothesize that the deformation behavior of biomolecules in load bearing biological 
materials is a key for these materials to achieve their superior mechanical properties including an 
amazing resistance to catastrophic, unstable crack propagation. To test this hypothesis, consider a 
strip of material consisting of a triangular network of molecular chains, as shown in Fig. S1 in 
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the SI; each chain follows the characteristic force-extension relation of a protein as shown in Fig. 
1(b). The strip contains a pre-crack along the center line, with upper and lower boundaries 
subjected to increasing displacements in the normal direction. A single molecular chain would 
fracture once its ultimate tensile strength is reached, leading to crack propagation. Such a 
network of molecular chains has been used to study dynamic crack propagation (31, 32, 33) and 
fracture behavior of proteins (34). As stretching on the strip boundary increases, the material 
surrounding the crack tip undergoes inelastic deformation, and the inelastic zone enlarges and 
saturates (see Fig. S1(c)), leading to crack growth and steady-state crack propagation. The steady 
state fracture energy ICG  (energy dissipated per unit area of crack propagation) is obtained from 
the difference in energy stored far ahead and far behind the crack tip, and the fracture toughness 
ICK  is related to the fracture energy ICG  by 
2 /IC ICG K E  (35), where E  is Young’s modulus of 
the strip. 
Our analysis indicates that the sawtooth feature of the force-extension curve of a 
biomolecule has an insignificant effect on the fracture toughness of the network (see SI and Fig. 
S2), so that Stage II can be approximated by a straight segment characterized by a maximum 
inelastic strain T  [Fig. 1(b)]. For simplicity, the stage-III slope is taken to be the same as that 
for stage I. Figure 1(d) shows the distribution of inelastic strain in the strip for quasi-static, 
steady-state crack propagation for several ratios of T Y  , where Y  is the yield strain (i.e., 
elastic limit) [Fig. 1(b)]. The figure for 0T   shows no inelastic deformation since it 
corresponds to stage-I elastic deformation followed immediately by chain fracture, and the 
corresponding fracture energy and fracture toughness are denoted by (0)ICG  and 
 0
ICK , respectively. 
The inelastic zone clearly increases with T , leading to a rapidly increasing fracture energy ICG , 
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as shown in Fig. 1(e). For example, ICG  for 3T Y    is 27 times of (0)ICG  for 0T  . Figure 1(e) 
contains results for different ratios of ultimate tensile strength to yield stress, UTS Y  =1, 1.5 
and 2 (illustrated in Fig. S1(b)), which are essentially the same. 
The above relation between ICG  and T Y   can also be obtained analytically. Figure 1(c) 
shows a schematic diagram of inelastic zone, where the same colors as in Fig. 1(b) are used to 
denote regions corresponding to stages I, II and III. The inelastic strain relaxes the stress level 
around the crack tip and reduces the crack-tip stress intensity factor, tipK , by 
  tip appliedK K K  ,                   (1) 
where appliedK  is the applied stress intensity factor of the remote field [Fig. 1(c)],  0K   is the 
net contribution from the inelastic strain and is given by (see SI) 
  2T YK AE w   ,                  (2) 
where A is a non-dimensional material constant on the order of 1, and the height Yw  of inelastic 
zone [Fig. 1(c)] is defined as    2 2Y applied Yw K    following linear elastic fracture 
mechanics (29). For steady-state crack propagation, tipK (0) (0)IC ICK EG  and the corresponding 
appliedK  is the fracture toughness ICK . Equations (1) and (2) can be combined to give the 
following relation  
  
 0
1IC T
IC Y
K A
K

                      (3) 
for fracture toughness and  
   
2
0 1
IC T
YIC
G A
G


    
                  (4) 
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for fracture energy. Figure 1(e) shows that the above equation agrees well with the simulation 
results based on the triangular network of molecular chains. 
Equation (4) suggests a critical ratio, 1T Y A   , at which the steady-state fracture energy 
becomes infinite. Note that the fracture energy of a finite sized sample is always finite. In the 
strip model under consideration, the infinite fracture energy is a result of taking the strip length 
to be infinite. In practical terms, this means that the plastic zone spreads over to the entire sample 
and is no longer confined to the crack tip region, so that the fracture energy is no longer an 
intrinsic parameter, rather it becomes an extrinsic parameter that scales with the overall size of 
the sample. This is intuitively referred to as an intrinsic-to-extrinsic transition, or simply an ITE 
transition, in fracture toughness. The critical ratio for ITE transition is found to be ~3.5 for the 
strip with the triangular network of chains in Fig. S1(a). For T Y   exceeding this critical ratio, 
crack propagation never attains a true steady state, as shown in Fig. 1(d) for 4T Y   . The 
inelastic zone continues to grow and reaches the boundary of the sample, thereby de-localizing 
energy dissipation associated with crack growth, as to be further discussed in experiments in Fig. 
3. 
The linear relation between the reciprocal of fracture toughness 1/ ICK  and the ratio /T Y   
in Eq. (3), shown in Fig. 1(f), is in excellent agreement with our simulation results. The intercept 
of this curve with the horizontal axis corresponds to the critical ratio T Y   for ITE transition.  
Even though the ratio of ultimate tensile strength to yield stress UTS Y   does not affect the 
quasi-static fracture toughness [Figs. 1(e), (f)], it plays a critical role in dynamic crack 
propagation. Figure 2(a) shows two force-extension curves with the same ultimate tensile 
strength UTS  and same ratio 1.5T Y   , but different yield stresses. At the applied strain of 
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0.0045, both cases attain quasi-static steady-state crack propagation with the same fracture 
toughness, but the inelastic strain for the case of relatively low yield stress 0.5Y UTS   is much 
more de-localized than that for relatively high yield stress Y UTS  , as shown in Fig. 2(b). 
Figure 2(c) gives snapshots for the inelastic strain distribution at the applied strain rate of 
-5
02.5 10 lc l  [up to the same applied strain as in Fig. 2(b)], where lc  is the longitudinal wave 
speed and l0 is the chain length (see SI). The crack propagates continuously through the entire 
specimen for the high yield stress case, but it propagates and then stops for the low yield stress 
case (see movie1 in the SI). The reason for this difference can be attributed to the fact that stress 
fluctuations during dynamic crack propagation force more materials into inelastic deformation at 
lower yield stress. 
To validate the theoretical model described above, fracture experiments were conducted for 
polyvinylchloride (PVC) and polyethylene (PE) strips in Figs. 3(a)-(b), respectively. These two 
materials have very different force-extension curves: PVC behaves elastic without significant 
inelastic deformation, while PE exhibits large ductility with relatively small yield stress 
compared to its ultimate tensile strength, as shown in the first row. The second row of Figs. 3 
shows the distributions of inelastic strain calculated from the computational model in Fig. S1(a) 
adopting the corresponding force-extension curves. In contrast to the case of PVC, the crack tip 
in PE is significantly blunted and the inelastic deformation spreads all the way to the boundary, 
i.e., extrinsic fracture toughness. These observations are consistent with experiments shown in 
the last two rows of Figs. 3. For PVC, the crack propagated unstably across the specimen. In 
contrast, the crack in PE  propagated stably and slowly after an initial time interval of 100t s  , 
as loading rises continuously (see movie2 in the SI). Substantial differences were also seen on 
pre-marked grids on the specimens after crack propagation, which were essentially unchanged 
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near the top and bottom boundaries in PVC but severely stretched in PE, suggesting that inelastic 
deformation reached the boundaries in the latter case even for specimen size as large as 180cm x 
40cm. 
The extrinsic fracture toughness in Fig. 3(b) can be tuned to become intrinsic by modifying 
the force-extension curve via pre-straining. Figure 3(c) shows the results for a pre-strained PE 
sample with approximately the same ultimate tensile strength as that shown in Fig. 3(b), but 
much smaller ductility. In this case, simulations show that the inelastic deformation does not 
spread to the boundaries, which is supported by the experimental observation that the grids were 
essentially unchanged near the top and bottom boundaries, and that crack propagation was 
clearly unstable with rapid growth over a short time interval 1t s   (see movie3 in the SI). 
The intrinsic fracture toughness can also become extrinsic. Consider a flat aluminum strip 
which has a yield stress approximately the same as its ultimate tensile strength and relatively low 
ductility, as shown in the first row of Fig. 4(a). These properties should lead to intrinsic fracture 
toughness and therefore unstable crack growth, as confirmed by experiments shown in the last 
two rows of Fig. 4(a) before and after crack propagation (also see movie4 in the SI). To achieve 
extrinsic fracture toughness and therefore prevent unstable crack growth, we fabricated the 
aluminum strip into a “battlement” shape, inspired by the domains in protein, to achieve large 
ductility while reducing effective yield stress for such a structure, as shown in the second row of 
Fig. 4. Comparison of the last two rows of Fig. 4(b) indicates that the battlement shape ahead of 
the propagating crack tip was almost completely flattened out upon loading, suggesting that 
inelastic deformation reached out to the boundaries, stabilizing crack growth (see movie5 in the 
SI). 
In conclusion, we have identified a general, bio-inspired strategy to fabricate fracture 
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resistant materials and structures. The central point of this strategy is to design a protein-like 
stress-strain curve such that energy dissipation ahead of the crack tip is not confined to the 
vicinity of the crack tip, but rather spread to the entire sample so that the fracture toughness is no 
longer an intrinsic material property but an extrinsic quantity depending on the specimen size. 
Such a strategy should be generally useful for designing engineering materials and structures 
against catastrophic failure due to unstable crack growth. For example, the cellular materials, 
including lattice materials with regular holes and metal foams with irregular pores, can achieve 
the desired force-extension curve by adjusting microstructures to realize ITE transition of 
fracture toughness. By engineering nanoscale twin boundaries in metal materials, the stage II of 
the stress-strain curve can be substantially elongated (36, 37), which could enhance energy 
dissipation near the crack tip and make possible the fracture tolerant behavior.  
 
References 
1. Gupta HS, et al. (2006) Cooperative deformation of mineral and collagen in bone at the 
nanoscale. Proceedings of the National Academy of Sciences of the United States of 
America 103(47):17741-17746. 
2. Peterlik H, Roschger P, Klaushofer K, & Fratzl P (2006) From brittle to ductile fracture 
of bone. Nat Mater 5(1):52-55. 
3. Porter MM, Novitskaya E, Castro-Ceseña AB, Meyers MA, & McKittrick J (2013) 
Highly deformable bones: Unusual deformation mechanisms of seahorse armor. Acta 
Biomaterialia 9(6):6763-6770. 
4. Currey JD (1977) Mechanical-properties of mother of pearl in tension. Proc. R. Soc. B-
Biol. Sci. 196(1125):443-463. 
5. Jackson AP, Vincent JFV, & Turner RM (1988) The mechanical design of nacre. Proc. 
R. Soc. B-Biol. Sci. 234(1277):415-440. 
6. Waite JH, Qin XX, & Coyne KJ (1998) The peculiar collagens of mussel byssus. 
Matrix biology : journal of the International Society for Matrix Biology 17(2):93-106. 
 10
7. Gao H, Ji B, Jäger IL, Arzt E, & Fratzl P (2003) Materials become insensitive to flaws 
at nanoscale: Lessons from nature. Proceedings of the National Academy of Sciences 
100(10):5597-5600. 
8. Hinman M, Dong Z, Xu M, & Lewis R (1993) Biomolecular Materials. Edited by Viney, 
C, Case, ST and Waite, JH. Materials Research Soc., Pittsburgh:25-34. 
9. Schneider AS, et al. (2012) Hierarchical super-structure identified by polarized light 
microscopy, electron microscopy and nanoindentation: Implications for the limits of 
biological control over the growth mode of abalone sea shells. BMC Biophys 5(1):19. 
10. Yang W, Zhang GP, Zhu XF, Li XW, & Meyers MA (2011) Structure and mechanical 
properties of Saxidomus purpuratus biological shells. Journal of the Mechanical 
Behavior of Biomedical Materials 4(7):1514-1530. 
11. Ji B & Gao H (2004a) Mechanical Properties of Nanostructure of Biological Materials. 
Journal of the Mechanics and Physics of Solids 52(9): 1963-1990.  
12.  Ji B & Gao H (2004b) A Study of Fracture Mechanisms in Biological Nano-Composites 
via the Virtual Internal Bond Model. Materials Science & Engineering A 366: 96-103. 
13. Zhang Z, Liu B, Huang Y, Hwang KC & Gao H (2010) Mechanical Properties of 
Unidirectional Nanocomposites with Non-uniformly or Randomly Staggered Platelet 
Distribution. Journal of the Mechanics and Physics of Solids. 58(10): 1646–1660. 
14. Zhang Z, Zhang YW and Gao H (2011) On Optimal Hierarchy of Load-Bearing 
Biological Materials. Proceedings of the Royal Society B: Biological Sciences. 278: 
519-525. 
15. Fratzl P & Weinkamer R (2007) Nature’s hierarchical materials. Progress in Materials 
Science 52(8):1263-1334. 
16. Huber G, et al. (2005) Evidence for capillarity contributions to gecko adhesion from 
single spatula nanomechanical measurements. Proceedings of the National Academy of 
Sciences of the United States of America 102(45):16293-16296. 
17. Boesel LF, Greiner C, Arzt E, & del Campo A (2010) Gecko-inspired surfaces: a path 
to strong and reversible dry adhesives. Adv Mater 22(19):2125-2137. 
18. Smith BL, et al. (1999) Molecular mechanistic origin of the toughness of natural 
adhesives, fibres and composites. Nature 399(6738):761-763. 
 11
19. Oberhauser AF, Hansma PK, Carrion-Vazquez M, & Fernandez JM (2001) Stepwise 
unfolding of titin under force-clamp atomic force microscopy. Proceedings of the 
National Academy of Sciences 98(2):468-472. 
20. Ji B & Gao H (2010) Mechanical Principles of Biological Nanocomposites. Annual 
Review of Materials Research 40: 77-100. 
21. Chen PY, McKittrick J & Meyers MA (2012) Biological Materials: Functional 
Adaptations and Bioinspired Designs. Progress in Materials Science 57 : 1492-1704. 
22. Liu W, et al. (2006) Fibrin fibers have extraordinary extensibility and elasticity. Science 
313(5787):634-634. 
23. Tvergaard V & Hutchinson JW (1991) The relation between crack growth resistance 
and fracture process parameters in elastic-plastic solids. Journal of the Mechanics and 
Physics of Solids. 40(6): 1377–1397. 
24. Balint DS, Deshpande VS, Needleman A, & Van Der Giessen E (2005) Discrete 
dislocation plasticity analysis of crack-tip fields in polycrystalline materials. 
Philosophical Magazine 85(26-27):3047-3071. 
25. Bazant ZP (1980) Work inequalities for plastic fracturing materials. Int J Solids Struct 
16(10):873-901. 
26. Needleman A (1990) Damage Evolution, Instability and Fracture in Ductile Solids. 
Disorder and Fracture, NATO ASI Series, eds Charmet JC, Roux S, & Guyon E 
(Springer US), Vol 204, pp 219-238. 
27. Bazant ZP (2005) Scaling of structural strength (Butterworth-Heinemann). 
28. Bazant ZP & Chen E-P (1997) Scaling of structural failure. Applied Mechanics 
Reviews 50:593-627. 
29. Bazant ZP (1997) Scaling of quasibrittle fracture: asymptotic analysis. Int. J. Fract. 
83(1):19-40. 
30. Caner FC, Bazant ZP, Hoover CG, Waas AM, & Shahwan KW (2011) Microplane 
Model for Fracturing Damage of Triaxially Braided Fiber-Polymer Composites. J Eng 
Mater-T Asme 133(2). 
31 Jia YJ, Zhu WP, Li T, & Liu B (2012) Study on the mechanisms and quantitative law of 
mode I supersonic crack propagation. J. Mech. Phys. Solids 60(8):1447-1461. 
 12
32. Gao HJ, Huang YG, & Abraham FF (2001) Continuum and atomistic studies of 
intersonic crack propagation. J. Mech. Phys. Solids 49(9):2113-2132. 
33. Buehler MJ, Abraham FF, & Gao H (2003) Hyperelasticity governs dynamic fracture at 
a critical length scale. Nature 426:141-146. 
34. Qin Z & Buehler MJ (2011) Flaw tolerance of nuclear intermediate filament lamina 
under extreme mechanical deformation. ACS Nano 5(4):3034-3042. 
35. Anderson TL (1995) Fracture Mechanics: Fundamentals and Applications (CRC 
PressINC). 
36. Lu L, Shen Y, Chen X, Qian L, & Lu K (2004) Ultrahigh Strength and High Electrical 
Conductivity in Copper. Science 304(5669):422-426. 
37. Lu K, Lu L, & Suresh S (2009) Strengthening Materials by Engineering Coherent 
Internal Boundaries at the Nanoscale. Science 324(5925):349-352. 
 
Acknowledgements 
The authors acknowledge the support from National Natural Science Foundation of China 
(Grant Nos. 11425208, 11372158, and 51232004), and Tsinghua University Initiative Scientific 
Research Program (No. 2011Z02173). Our special thanks are due to Dr. Wan-Ting Ren for her 
constructive and effective suggestions in conducting this study. 
 13
Figure Captions  
 
Figure 1. Computational model of crack propagation in a strip made of protein-like materials.  
(a) Three-stage deformation of a protein molecule under stretch: the elastic deformation with 
crosslink network untouched (stage I), domain unfolding (stage II) and stretching of backbone 
(stage III). 
(b) Typical force-extension curve for a protein molecule, with essential features showing that 1) 
stage II (and III) gives large inelastic deformation (i.e., large ductility), and 2) the ultimate tensile 
strength at the end of stage III is much larger than the elastic limit at the end of stage I. 
(c) Inelastic zones around a steady-state crack, colored after deformation regions corresponding 
to stages I, II and III. 
(d) Maps of inelastic strain associated with quasi-static, steady-state crack propagation for 
several ratios of T Y  , showing increasing inelastic zone with T .  
(e) The calculated fracture energy ICG  for different ratios of ultimate tensile strength to yield 
stress, UTS Y  =1, 1.5 and 2 (illustrated in Fig. S1(b)). Note that ICG  increases rapidly with 
T Y  . 
(f) Predicted linear relation between the reciprocal of fracture toughness 1/ ICK  and the strain 
ratio /T Y   in Eq. (3), with excellent agreement with numerical simulation results. 
 
Figure 2. Simulations of dynamic crack propagation in a strip made of a network of chain 
molecules with different force-extension curves. 
(a) Two force-extension curves with the same ultimate tensile strength UTS  and ratio 
1.5T Y   , but different yield stress. 
(b) At the applied strain of 0.0045, the two systems with force-extension curves shown in Fig. 
2(a) reach quasi-static steady-state crack propagation with identical fracture toughness, but 
inelastic strain in the case of lower yield stress 0.5Y UTS   is much more de-localized than that 
for higher yield stress Y UTS  . 
(c) Snapshots of inelastic strain distributions during dynamic crack propagation under applied 
strain rate of -5 02.5 10 lc l  [up to the same applied strain as Fig. 2(b)]. The results show that the 
crack propagates continuously through the entire specimen at higher yield stress, but it 
propagates a while and then stops at lower yield stress (see movie1 in the SI). 
 
Figure 3.  
Experiments on crack propagation in polyvinylchloride (PVC) and polyethylene (PE) strips. 
The first row in (a)-(b) shows that the force-extension curve is mainly elastic with little inelastic 
deformation for PVC, while plastic with large ductility and a relatively small yield stress 
compared to the ultimate tensile strength for PE. The distributions of inelastic strain calculated 
based on the computational model in Fig. S1(a) adopting these curves are shown in the second 
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row. In contrast to the PVC case, the crack tip in the PE strip is significantly blunted with 
inelastic deformation spreading all the way to the boundaries. The model predictions are 
corroborated with corresponding experimental observations shown in the last two rows. In the 
case of PVC, fracture occurred via instantaneous, unstable crack propagation across the whole 
specimen. The crack in PE, however, propagated stably and slowly as increasing displacement is 
imposed on the boundary. There was essentially no crack growth over a time interval of 
100t s   (see movie2 in the SI). 
Figure 3(c) shows the results for an identical but pre-strained PE sample. The first row shows 
that the pre-strained sample has approximately the same ultimate tensile strength as the 
unstrained sample in Fig. 3(b), but with much smaller ductility. Compared to Fig. 3(b), the 
inelastic deformation obtained from the computational model for the pre-strained force-extension 
curve does not spread to the boundaries. This is consistent with experiments with the pre-strained 
PE samples showing that the pre-marked grids were essentially unchanged near the top and 
bottom boundaries, and that crack propagation was clearly unstable, with rapid growth over a 
short time interval of 1t s   (see movie3 in the SI). 
 
Figure 4. Controlling fracture resistance of materials by tuning force-extension curve.  
(a) The first row shows a flat aluminum strip and its force-extension curve, which has the yield 
stress approximately the same as the ultimate tensile strength with relatively low ductility. The 
last two rows show the experimental results before and after crack propagation, indicating 
unstable crack growth in the flat aluminum strip (see movie4 in the SI). 
(b) The first row gives the tensile force-extension curve of a “battlement” shaped aluminum strip, 
with large ductility and relatively low effective yield stress. Comparison of the last two rows 
indicates that the battlement shaped structure ahead of the crack tip was almost completely 
flattened out upon loading, suggesting that inelastic deformation reached out to the boundaries, 
stabilizing crack growth (see movie5 in the SI).  
 
 15
Figure 1. 
 
 
 
 
 
 
 16
 
Figure 2 
 17
 
 
Figure 3. 
 
 
 18
  
Figure 4. 
 
 
